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Bimetallic  electrodes  prepared  by  Pd  nanoislands  spontaneously  deposited  on  polycrystalline  platinum, 
Pt(poly),  at  submonolayer  coverage  were  explored  for  methanol  oxidation  in  alkaline  media.  Charac¬ 
terization  of  obtained  Pd/Pt(poly)  nanostructures  was  performed  ex  situ  by  AFM  imaging,  spectroscopic 
ellipsometry  and  by  X-ray  photoelectron  spectroscopy.  In  situ  characterization  of  the  obtained  electrodes 
and  subsequent  methanol  oxidation  measurements  were  performed  by  cyclic  voltammetry  in  0.1  M  KOH. 
Platinum  surface  with  35%  Pd  coverage  exhibited  the  highest  catalytic  activity  for  methanol  oxidation  in 
alkaline  media,  exceeding  those  of  bare  Pt  and  Pd.  Both  synergistic  and  electronic  effects  are  responsible 
for  such  enhanced  catalysis.  The  origin  of  the  synergistic  effect  and  possible  reaction  pathways  for 
methanol  oxidation  were  discussed  taking  into  account  the  activity  of  obtained  bimetallic  electrodes  for 
the  oxidation  of  CO  and  formaldehyde,  as  the  most  probable  reaction  intermediates. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Methanol  is  an  energy  source  with  a  promising  future  as  the  raw 
material  basis  is  broad  and  a  growing  amount  of  methanol  is  pro¬ 
duced  from  renewable  resources.  The  use  of  methanol  as  a  fuel  in 
Direct  Methanol  Fuel  Cells  (DMFCs)  in  which  methanol  is  directly 
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oxidized  to  CO2  and  H20  at  the  anode  has  increased  considerably  in 
recent  years.  Due  to  very  low  chemical  to  electrical  energy  con¬ 
version  efficiencies  of  DMFCs,  the  research  is  focused  on  the 
improvement  of  their  performance  through  the  improvement  of 
the  catalytic  properties  of  platinum  anode  catalyst  for  methanol 
oxidation  reaction  (MOR)  by  the  addition  of  another  metal  [1], 
Scientific  studies  of  methanol  oxidation  reaction  on  both  bare 
platinum  and  platinum  based  electrodes  have  been  mainly  carried 
out  in  acidic  electrolytes  [1—4],  Methanol  electro-oxidation  in 
alkaline  media  has  attracted  increasing  interest  once  the  problems 
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related  to  the  use  of  methanol  in  fuel  cells,  such  as  carbonation  and 
deactivation  of  the  alkaline  electrolyte  due  to  CO2  retention  and 
unavailability  of  appropriate  alkaline  anion  exchange  membranes, 
were  resolved  [5],  It  was  found  that  the  use  of  alkaline  electrolytes 
offered  several  advantages  including  much  wider  range  of  elec¬ 
trode  materials  that  are  stable  in  an  alkaline  media  and  their  higher 
electrocatalytic  activity  for  the  oxidation  of  organic  fuels  in  com¬ 
parison  with  their  activity  in  acidic  media  [6—8], 

Methanol  oxidation  reaction  on  platinum  electrodes  in  alkaline 
media  proceeds  either  through  carbonate  or  through  formate 
pathways  involving  different  adsorbed  intermediates  and  byprod¬ 
ucts  during  the  oxidation  process  [6—10],  The  overall  methanol 
oxidation  reaction  leading  to  carbonate  as  a  product: 

CH3OH  +  80H~  — >CC>3~  +  6H20  +  6e~  (1) 

proceeds  through  several  elementary  steps  involving  CO  as  an 
adsorbed  poisoning  intermediate  [6,7],  The  other  pathway  with  the 
formate  as  a  product,  and  the  overall  reaction: 

CH3OH  +  50H--+HOXr +  4H20  +  4e“  (2) 

includes  also  several  elementary  steps  with  formaldehyde  and  the 
other  different  reaction  intermediates  [8,9], 

Many  authors  have  already  shown  that  the  methanol  oxidation 
reaction  can  proceed  through  parallel  reaction  pathways  [7,8,11  ].  In 
some  cases  large  amounts  of  liquid  products  such  as  formaldehyde 
and  formate  are  produced  together  with  the  formation  of  both 
linear  and  bridge  bonded  CO,  which  are  formed  in  carbonate 
pathway  and  act  as  poisoning  species  [7—10],  However,  although 
electrocatalytic  activity  for  the  MOR  in  alkaline  solutions  is  gener¬ 
ally  high,  the  presence  of  liquid  products  such  as  formaldehyde  and 
formate  indicate  an  incomplete  oxidation  of  methanol  due  to  the 
poisoning  of  the  electrode  surface  by  strongly  adsorbed  CO  10], 
Therefore,  the  main  challenge  in  methanol  electrocatalysis  on 
platinum  based  electrodes  is  to  find  a  catalyst  that  can  favor 
adsorption  and  complete  oxidation  of  formyl  species  and  to  avoid 
the  subsequent  formation  of  adsorbed  CO  by  blocking  neighboring 
platinum  sites  or  to  oxidize  it  at  lower  potentials. 

The  most  promising  way  to  increase  the  electrocatalytic  activity 
of  platinum  based  electrodes  towards  methanol  oxidation  is  to 
modify  platinum  with  a  second  metal,  like  Ru,  Sn,  Mo,  Bi  [2,12],  The 
enhanced  catalytic  activity  of  such  bimetallic  surfaces  is  achieved 
either  through  bifunctional  or  through  electronic  effect  or  a  com¬ 
bination  of  both  [11,12],  Different  methods  of  modifying  platinum 
electrode  with  a  second  metal  were  employed,  for  instance  PtRu, 
the  most  efficient  catalyst  for  methanol  oxidation  in  both  acid  and 
alkaline  solutions,  could  be  prepared  either  by  Ru  electrodeposition 
[13],  UHV  evaporation  [14],  spontaneous  deposition  [15]  on  various 
Pt  substrates,  or  various  PtRu  nanoparticles  could  be  carbon  sup¬ 
ported  [16,17], 

Although  Pd  has  shown  lower  activity  for  methanol  oxidation  in 
alkaline  solution  than  Pt  [18],  a  combination  of  two  metals  pre¬ 
pared  either  by  evaporation  and  electrochemical  deposition  of  Pd 
on  Pt  substrates  [19]  or  by  carbon  supported  PtPd  nanoparticles 

[20] ,  has  shown  better  catalytic  activity  than  bare  Pt.  Spontaneous 
deposition  method  is  chosen  in  this  work  because  of  its  simplicity 
and  the  fast  surface  coverage  plateau  reached  as  revealed  through 
open  circuit  potential  changes  during  Pd  deposition  on  Pt(poly) 

[21] ,  Different  Pd/Pt(poly)  nanostructures  were  prepared  with 
respect  to  Pd  nanoislands  coverage  only  by  using  different  depo¬ 
sition  times  for  a  given  Pd  containing  solution. 

The  scope  of  this  paper  is  to  examine  the  electrocatalytic  activity 
of  obtained  Pd/Pt(poly)  nanostructures  for  methanol  oxidation  in 
alkaline  solution.  Ex  situ  characterization  of  different  Pd/Pt(poly) 


nanostructures  was  performed  by  atomic  force  microscopy  (AFM), 
spectroscopic  ellipsometry  and  by  X-ray  photoelectron  spectros¬ 
copy  (XPS),  while  methanol  electro-oxidation  studies  were  per¬ 
formed  using  electroanalytical  techniques.  An  enhanced  activity  of 
Pd/Pt(poly)  nanostructures  for  methanol  oxidation  in  alkaline  so¬ 
lution  with  respect  to  both  bare  Pt  and  Pd  was  correlated  with  Pd 
surface  coverage.  Additionally,  the  activity  of  Pd/Pt(poly)  bimetallic 
electrodes  towards  the  oxidation  of  CO  and  formaldehyde  as  the 
most  possible  intermediates  during  methanol  oxidation  was 
investigated  in  order  to  get  a  better  insight  into  the  possible  reac¬ 
tion  pathways. 

2.  Experimental 

2.3.  Chemicals 

Suprapure  sulfuric  acid  (Merck)  and  PdC^  (Alfa  Aesar)  were 
used  for  the  depositing  solutions.  Working  solutions  were  prepared 
with  potassium  hydroxide  pellets  provided  by  Merck  and  Milli- 
pure  water.  Solutions  were  deoxygenated  by  a  flow  of  99.999%  N2 
supplied  by  Messer.  Methanol  (Merck),  formaldehyde  (Merck)  and 
high  purity  CO  (Messer)  were  used  for  electrocatalytic 
measurements. 

2.2.  Preparation  of  PdfPt(poly)  bimetallic  electrodes 

Pt(poly)  disc  electrode,  5  mm  in  diameter  (Pine  Instruments 
Co.),  was  modified  by  a  spontaneous  deposition  of  Pd  during  im¬ 
mersion  of  platinum  electrode  at  an  open  circuit  potential  (OCP) 
into  (1  mM  PdCl2  +  0.05  M  H2SO4)  solution  for  1,  3  and  30  min 
(further  in  the  text  referred  to  as  the  deposition  time).  Before  each 
experiment,  the  electrode  was  cleaned  by  electrochemical  polish¬ 
ing  through  surface  oxidation/reduction  in  perchloric  acid  solution. 
The  same  procedure  was  applied  for  the  removal  of  Pd  deposit  after 
each  experiment. 

2.3.  Height  and  phase  AFM  imaging 

Obtained  Pd/Pt(poly)  nanostructures  were  characterized  ex  situ 
by  tapping  mode  AFM  using  Multimode  Quadrex  SPM  with  Nano- 
Scope  Me  controller  (Veeco  Instruments,  Inc.),  and  a  commercial 
Veeco  RFESP  AFM  probe  (NanoScience  Instruments,  Inc.).  Height 
and  phase  AFM  images  were  acquired  simultaneously  from  various 
areas  over  the  electrode  surface.  While  height  AFM  images  are 
sensitive  to  surface  topography,  corresponding  phase  images  are 
sensitive  mainly  to  surface  chemical  composition,  which  was 
demonstrated  in  detail  for  the  same  Pd/Pt(poly)  system  in  Ref.  21  ]. 
Surface  roughness  and  the  size  of  the  deposited  Pd  islands  are 
estimated  from  height  AFM  images,  while  coverage  taken  as  a 
percentage  of  Pt(poly)  surface  covered  with  Pd  islands  is  estimated 
from  phase  AFM  images.  Image  processing  was  performed  by  Veeco 
NanoScope  III  program  and  also  by  WSxM  SPM  software  [22], 

2.4.  Spectroscopic  ellipsometry  measurements 

Spectroscopic  ellipsometry  was  used  for  the  additional  charac¬ 
terization  of  Pd  nanoislands  spontaneously  deposited  on  Pt  sub¬ 
strate.  HORIBA  Jobin  Yvon  UVISEL  iHR320  with  monochromator 
wavelength  range  from  250  to  850  nm  (1.5  up  to  4.8  eV)  and  with  a 
step  of  0.1  eV  was  employed  for  these  measurements.  The  incident 
angle  was  set  at  70°  and  the  light  spot  was  1  mm  in  diameter.  All 
optical  spectra  were  recorded  ex  situ  immediately  after  sponta¬ 
neous  deposition,  and  under  the  same  conditions  for  all  electrodes. 
Further  analysis  of  the  obtained  optical  spectra  was  performed  by 
fitting  the  experimental  data  using  the  commercial  software 
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package  DeltaPsi  2,  in  order  to  estimate  the  average  height  of  Pd 
islands  on  Pt(poly)  substrate.  Standard  fit  of  the  experimentally 
measured  Is  and  Ic  signal  intensities  was  used  according  to  the 
following  equations: 

Is  =  sin(2'A)-sin(A)  (3) 

Ic  =  sin(2f') -cos(A)  (4) 

where,  W  is  the  amplitude  change  of  the  reflected  wave,  while  A  is 
the  phase  change  of  the  same  reflected  light  beam.  Software 
package  DeltaPsi  2  gives  an  explicit  form  of  the  dependence  of  the 
refractive  index,  n,  and  of  the  extinction  coefficient,  k,  on  the 
wavelength  [23]. 

2.5.  X-ray  photoelectron  spectroscopy  measurements 

X-ray  photoelectron  spectroscopy  analysis  of  as  received  sam¬ 
ples  was  carried  out  using  SPECS  System  with  XP50M  X-ray  source 
for  Focus  500  and  PHOIBOS  100/150  analyzer.  AlKa  source 
(1486.74  eV)  at  a  12.5  kV  and  32  mA  was  used  for  this  study.  XPS 
spectra  were  obtained  at  a  pressure  in  the  range  of  3  x  10~8  — 
2  x  10~9  mbar.  Survey  spectra  were  recorded  from  0  to  1000  eV, 
with  the  energy  step  of  0.1  eV,  dwell  time  of  0.5  s,  and  with  pass 
energy  of  40  eV  in  the  Fixed  Analyzer  Transmission  (FAT)  mode. 
Relevant  regions  were  identified  from  survey  spectra  to  be:  Pt  4f 
(64-80  eV),  Pt  4d  and  Pd  3d  (350-300  eV)  and  0  Is  (540-525  eV). 
Region  spectra  were  recorded  with  the  energy  step  of  0.1  eV,  dwell 
time  2  s  and  pass  energy  of  20  eV  in  the  FAT  mode.  Spectra  were 
collected  by  SpecsLab  data  analysis  software  and  analyzed  by 
CasaXPS  software  package  both  supplied  by  the  manufacturer. 

2.6.  Electrochemical  measurements 

Electrochemical  measurements  were  carried  out  in  a  conven¬ 
tional  three  electrode  cell,  where  Pd  modified  Pt(poly)  was  used  as 
working  electrode,  while  Pt  wire  and  Ag/AgCl,  3  M  KC1  were  used  as 
counter  and  reference  electrodes,  respectively.  Experimental  data 
were  acquired  and  processed  using  Pine  instruments  bipotentiostat 
AFCBP1.  Electrochemical  characterization  of  Pd  modified  Pt(poly) 
surfaces  was  performed  by  cyclic  voltammetry  (CV)  measurements 
in  oxygen  free  0.1  M  KOH.  In  a  separate  set  of  experiments,  CO 
stripping  voltammetry  was  carried  by  CO  admitted  to  the  solution 
for  10  min  at  the  potential  of  -0.85  V,  followed  by  purging  CO  out  of 
the  solution  using  high  purity  nitrogen  for  20  min.  Formaldehyde 
oxidation  and  methanol  oxidation  reactions  on  Pd/Pt(poly)  surfaces 
were  examined  in  the  same  oxygen  free  0.1  M  KOH  solution  con¬ 
taining  either  0.4  M  formaldehyde  or  0.4  M  methanol.  Each  CV 
experiment  was  preceded  with  holding  the  electrode  potential 
at  -0.85  V  for  15  min  in  order  to  get  more  stable  deposit  by  its 
reduction  to  the  metallic  state.  For  comparison  all  electrochemical 
measurements  were  also  carried  out  on  bare  Pt(poly)  and  bare 
Pd(poly)  disc  (5  mm  in  diameter,  Pine  Instruments  Co.)  electrodes. 

3.  Results  and  discussion 

3.1.  Characterization  of  Pd/Pd(poly)  bimetallic  electrodes 

3.3.1.  Ex  situ  characterization  of  PdfPt(poly)  surfaces  by  height  and 
phase  AFM  imaging 

AFM  images  of  a  bare  Pt(poly)  surface  were  shown  and  dis¬ 
cussed  in  detail  in  our  previous  paper  [21].  Briefly,  height  images 
showed  that  surface  topography  of  Pt(poly)  consisted  of  various 
facets  giving  the  average  surface  roughness  of  2.0,  while  phase 
image  indicated  the  presence  of  1.5%  of  impurities  on  the  surface. 


Height  and  phase  AFM  images  of  Pd/Pt(poly)  nanostructures 
obtained  for  the  deposition  times  of  1,  3  and  30  min  are  presented 
in  Fig.  1.  From  height  AFM  image  showing  the  topography  of  Pd/ 
Pt(poly)  nanostructure  obtained  after  1  min  Pd  deposition,  Fig.  la, 
the  average  surface  roughness  is  estimated  to  be  2.03,  while  from 
cross  section  analysis,  as  illustrated  in  Fig  lb,  the  island  heights 
ranged  from  0.25  to  1.0  nm  and  the  island  sizes  ranged  from  5  to 
30  nm.  From  a  corresponding  phase  AFM  image,  Fig.  Ic,  the  esti¬ 
mated  coverage  is  25  ±  5%.  From  height  AFM  image  of  Pd/Pt(poly) 
nanostructure  obtained  after  3  min  Pd  deposition,  Fig.  Id,  the 
average  surface  roughness  is  estimated  to  be  2.08,  while  from  cross 
section  analysis,  Fig  le,  the  island  heights  ranged  from  0.5  to  2  nm 
and  the  island  sizes  ranged  from  10  to  30  nm.  From  phase  AFM 
image,  Fig.  If,  the  estimated  coverage  is  38  ±  5%.  Surface  topog¬ 
raphy  AFM  image  for  Pd/Pt(poly)  surfaces  obtained  after  30  min  Pd 
deposition,  Fig.  Ig,  gives  the  average  surface  roughness  of  2.1.  Cross 
section  analysis,  Fig.  lh,  gives  that  Pd  islands  heights  ranged  from  2 
to  4  nm,  while  the  island  sizes  ranged  from  10  to  60  nm.  From  a 
corresponding  phase  AFM  image,  Fig.  li,  the  calculated  coverage  of 
52  ±  5%  is  in  accordance  with  our  previously  published  results  [21  ]. 
It  is  interesting  to  note  that  although  the  growth  of  randomly 
distributed  Pd  islands  occur  in  all  cases,  with  increasing  the 
deposition  time,  the  island  heights  increase  much  more  than  the 
island  widths.  This  indicates  that  at  particular  domains  of  poly¬ 
crystalline  Pt  surface,  layer  growth  prevails  in  the  beginning,  fol¬ 
lowed  by  the  island  growth  on  top,  according  to  the  well-known 
Stranski— Krastanov  growth  mode. 

3.3.2.  Ex  situ  characterization  of  Pd/Pt(poly)  surfaces  by 
spectroscopic  eUipsometry 

Pd/Pt(poly)  bimetallic  electrodes  were  subjected  to  spectro¬ 
scopic  ellipsometry  measurements  in  order  to  get  a  better  insight 
into  the  structure  of  the  deposit.  The  nanoscale  height  of  Pd  islands 
makes  them  convenient  for  ellipsometric  characterization,  because 
of  its  partial  transparency  in  the  used  wavelength  range.  The  optical 
spectra  of  modified  electrodes  were  recorded  ex  situ  and  as  an 
illustration,  the  obtained  results  of  one  of  them  (35%  Pd/Pt(poly)), 
along  with  the  spectra  of  bare  Pt  and  Pd  are  given  in  Fig.  2.  The 
refractive  index,  n,  and  the  extinction  coefficient,  k,  parameters  are 
given  as  a  function  of  the  wavelength  at  separate  graphs  in  Fig.  2a 
and  b,  respectively.  The  optical  spectra  of  Pd  modified  Pt(poly) 
surface  differ  from  both  bare  Pt  and  Pd.  Compared  to  bare  Pt,  the 
changes  of  the  refractive  index,  Fig.  2a,  which  describe  how  light 
travels  through  the  sample,  are  more  pronounced  than  the  changes 
of  the  extinction  coefficient,  Fig.  2b,  which  refer  to  the  light  ab¬ 
sorption.  Both  spectra  are  closer  to  the  ones  for  bare  Pt  substrate 
than  for  bare  Pd,  which  is  reasonable  since  the  amount  of  the 
deposited  Pd  on  35%  Pd/Pt(poly)  is  much  smaller  than  the  amount 
of  Pt.  As  revealed  from  AFM  images,  deposited  Pd  islands  are 
randomly  distributed  over  Pt  substrate  surface,  and  not  homoge¬ 
nous  in  size,  which  leads  to  the  more  pronounced  changes  of  the 
refractive  index.  On  the  other  hand,  only  a  slight  change  of  the 
extinction  coefficient  values  could  be  explained  by  the  similar 
metallic  nature  of  all  examined  samples. 

The  average  heights  of  Pd  nanoislands  are  extracted  from  the 
optical  spectra  by  fitting  the  experimentally  recorded  curves.  Apart 
from  the  data  experimentally  obtained  by  ellipsometry  as 
described  above,  the  input  parameter  for  the  simulation  of  the  Pd 
islands  height  was  the  coverage  of  Pt  with  the  deposited  Pd  islands. 
According  to  the  data  estimated  from  phase  AFM  images  (see 
above),  coverage  values  of  25%,  35%  and  50%  were  taken  for  Pd/ 
Pt(poly)  bimetallic  electrodes  obtained  for  1,  3  and  30  min  Pd 
deposition  time,  respectively.  For  25%  Pd/Pt(poly)  and  35%  Pd/ 
Pt(poly),  the  obtained  simulated  average  heights  of  Pd  islands  were 
0.5  ±  0.1  nm  and  2.9  ±  0.3  nm,  respectively,  with  the  standard 
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Fig.  1.  AFM  images  (500  x  500)  nm2  of  Pd/Pt(poly)  surfaces  obtained  after  1  min  (left  column),  3  min  (middle  column)  and  30  min  (right  column)  Pd  deposition  showing:  a)  surface 
topography,  z-range  4.6  nm;  b)  cross  section  along  the  line  indicated  in  the  image;  and  c)  composition  in  corresponding  phase  image,  z-range  1.3°;  d)  surface  topography,  z-range 
38.9  nm;  e)  cross  section  along  the  line  indicated  in  the  image;  and  f)  composition  in  corresponding  phase  image,  z-range  20.3°;  g)  surface  topography,  z-range  12.0  nm;  h)  cross 
section  along  the  line  indicated  in  the  image;  and  i)  composition  in  corresponding  phase  image,  z-range  14.2°. 


deviation  value  during  simulation  of  0.5.  For  50%  Pd/Pt(poly), 
simulated  Pd  islands  average  height  was  4.8  ±  0.4  nm,  with  the 
standard  deviation  value  during  simulation  of  0.6. 

Heights  of  Pd  nanoislands  deposited  on  Pt  substrate  extracted 
from  ellipsometric  simulation  and  from  AFM  images  are  somewhat 
different.  This  could  originate  from  the  fact  that  AFM  analysis  gives 
an  excellent  insight  into  the  surface  properties  at  the  nanoscale, 
while  ellipsometry  gives  an  overall  view  into  bimetallic  surface 
properties.  Besides,  due  to  the  nonuniformity  of  the  deposited  Pd 
islands  with  respect  to  the  island  heights  at  submonolayer 
coverage,  it  is  more  likely  that  the  real  average  values  are  observed 
by  ellipsometry  than  by  AFM.  The  average  Pd  island  height  varies 
for  different  AFM  images  obtained  over  a  number  of  different  sur¬ 
face  areas  and  ranged  from  0.25  to  1.0  nm  for  1  min  deposition, 
2—4  nm  for  3  min  deposition  to  4—7  nm  for  30  min  deposition  [21  ]. 
We  demonstrate  here  that  for  good  statistics,  instead  of  recording  a 
number  of  AFM  images,  better  and  much  faster  estimation  of  the 
average  island  heights  over  a  wider  surface  area  can  be  obtained 
from  ellipsometry  measurements. 


The  content  of  Pd  on  Pd/Pt(poly)  can  be  calculated  from  the 
average  height  of  Pd  islands  taken  from  ellipsometry  (0.5  nm, 
2.9  nm  and  4.8  nm  for  1,  3  and  30  min  deposition  time,  respec¬ 
tively),  multiplied  by:  the  geometric  area  of  the  electrode 
(0.196  cm2),  Pd  deposit  coverage,  and  by  palladium  density 
(12.023  g  cm-3).  For  25%,  35%  and  50%  Pd/Pt(poly),  Pd  content  is 
calculated  to  be  0.03  gg,  0.24  gg  and  0.57  gg,  respectively.  It  is  worth 
noting  that  in  this  case,  where  Pt(poly)  as  substrate  is  very  active  for 
methanol  oxidation,  Pd  content  is  very  low,  approximately 
100—1000  times  lower  than  the  loading  needed  for  Pd/C  systems 
[24—26],  where  carbon  substrate  is  not  active  for  methanol 
oxidation. 

3.3.3.  XPS  analysis  of  PdfPt(poly)  nanostructures 

High  resolution  XPS  spectra  for  Pt  4f,  Pt  4d,  Pd  3d,  and  Ols 
regions  recorded  from  as  received  50%  Pd/Pt(poly)  substrate,  are 
presented  in  Fig.  3.  In  Fig.  3a,  Pt  4f  photoelectron  line,  corre¬ 
sponding  to  platinum  substrate  is  presented.  This  line  was  fitted  to 
two  contributions  corresponding  to  Pt(0)  (89%,  positioned  at 
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Fig.  2.  Ellipsometric  spectra  of  bare  Pt(poly),  Pd(poiy)  and  35%  Pd/Pt(poly)  nano¬ 
structure,  showing  the  experimentally  obtained  and  fitted  values  of:  a)  the  refractive 
index;  b)  the  extinction  coefficient. 


71.2  eV,  blue  line  (in  web  version))  and  to  Pt2+  (11%  positioned  at 

72.2  eV,  red  line),  attributed  to  metallic  Pt  and  PtO,  respectively 
[27],  The  origin  of  PtO  phase  is  most  likely  related  to  the  oxidation 
due  to  the  air  exposure.  This  is  further  supported  by  the  analysis  of 
Ols  line,  shown  in  Fig.  3b).  This  line  was  fitted  to  two  contribu¬ 
tions:  the  dominant  one  at  532,8  eV,  is  related  to  C— O  bonds 
originating  from  contamination  due  to  the  air  exposure,  while  the 
second  one  at  531,2  eV  is  closest  to  PtO  contribution  [28].  It  is 
worth  noting  that  the  later  contribution  of  O  Is  cannot  be 
attributed  to  either  oxygen  adsorbed  on  Pd  (529.0  eV),  or  PdO 
(529.6  eV)  [29],  However,  the  presence  of  Pd— O  bonds  cannot  be 
excluded  knowing  that  the  relative  amount  of  Pd  is  much  smaller 
than  that  of  Pt. 

The  presence  of  Pd  and  its  oxidation  state  is  revealed  from  the 
detailed  analyses  of  Pd  3d  line,  shown  in  Fig.  3c.  Since  this  line  is 
overlapped  with  much  more  intensive  Pt  4d  line,  they  were 
resolved  by  the  fitting  to  four  different  contributions  (two  for  each 
line).  Peaks  related  to  Pd  3d  lines  are  very  narrow,  implying  the 
presence  of  a  single  chemical  state.  The  position  of  Pd  3d5/2  at 
335.8  eV  fits  perfectly  to  metallic  Pd  on  which  oxygen  is  adsorbed 
[30], 

3.1.4.  Cyclic  voltammetry  characterization  of  PdfPt(poly)  surfaces  in 
0.1  M  KOH 

Cyclic  voltammograms  ofPd/Pt(poly)  surfaces  obtained  after  1, 3 
and  30  min  Pd  deposition,  as  well  as  CV  of  a  bare  Pt(poly)  surface 
recorded  in  0.1  M  KOH  solution  in  the  same  potential  limits 
from  -0.85  to  0.60  V  are  shown  in  Fig.  4.  CV  of  a  bare  Pt  exhibits  all 


Fig.  3.  High  resolution  XPS  spectra  of:  a)  Pt  4f;  b)  0  Is;  c)  Pd  3d  and  Pt  4d.  The  spectra 
were  taken  from  as  received  Pd/Pt(poly)  sample,  obtained  by  spontaneous  deposition 
of  palladium  on  Pt(poly)  from  (1  mM  PdCl2  +  0.05  M  H2S04)  for  30  min,  and  after 
rinsing  with  water.  Positions  of  different  phases  are  denoted  by  arrows. 


known  features  in  alkaline  solution  [31,32].  Hydrogen  adsorption/ 
desorption  peaks,  which  on  bare  Pt(poly)  appear  at  -0.68  V  are 
suppressed  due  to  the  presence  of  Pd  islands,  while  the  peak  which 
appear  at  -0.56  V  is  also  suppressed  for  Pd/Pt(poly)  surface  ob¬ 
tained  after  3  min  Pd  deposition,  and  almost  disappear  for  Pd/ 
Pt(poly)  obtained  after  30  min  Pd  deposition.  According  to  ref  [33], 
the  peak  at  lower  potentials  for  hydrogen  adsorption  on  Pd 
monolayer  deposited  on  Pt(lll)  in  perchloric  acid  solution  is  shif¬ 
ted  towards  more  positive  potentials  with  respect  to  bare  Pt 
because  Pd— H  interaction  is  stronger  than  Pt— H  interaction.  On  the 
other  hand,  at  higher  potentials  Pd  monolayer  is  oxidized  due  to  the 
oxophilic  nature  of  Pd  deposit,  which  led  to  the  suppression  of  Hads/ 
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Fig.  4.  CV  profiles  of  bare  Pt(poly)  and  of  Pt(poly)  surfaces  modified  with  spontane¬ 
ously  deposited  Pd,  recorded  in  0.1  M  KOH  in  the  potential  region  from  -0.85  V  to 
0.6  V,  and  at  a  scan  rate  of  50  mV  s  '.  CV  profile  of  bare  Pd(poly)  surface  is  recorded  in 
the  same  solution  in  the  potential  range  from  -0.5  V  to  0.5  V. 

des  peaks.  In  our  case,  the  shift  of  Hads/des  peaks  at  -0.68  V  to  the 
more  positive  potential  is  due  to  the  higher  Pd— H  interaction,  while 
the  suppression  of  Hads/des  peaks  at  the  potential  of  -0.56  V  is  due 
to  the  at  least  partial  oxidation  of  the  deposited  Pd  islands,  which  is 
even  more  pronounced  in  alkaline  solution  due  to  the  high  con¬ 
centration  of  OH~  anions.  The  suppression  of  Hads/des  on  Pd/Pt(poly) 
increases  with  the  increase  of  Pd  coverage.  Taking  into  account  that 
hydrogen  does  not  adsorb  on  one  or  two  monolayer  high  Pd  deposit 
on  Pt  [33],  Pd  coverage  is  estimated  from  the  suppression  of  HadS 
peaks  similarly  like  in  Refs.  [21],  which  gives  approximately: 
(15  ±  5)%,  (32  ±  5)%,  and  (45  ±  5)%,  for  1,  3  and  30  min  Pd  depo¬ 
sition,  respectively.  These  values  are  slightly  lower  than  ones  esti¬ 
mated  from  AFM  images,  and  do  not  take  into  account  the 
adsorption  of  hydrogen  on  non-oxidized  Pd  islands.  Besides,  the 
change  in  the  electrochemically  active  surface  area  (see  below) 
after  Pd  deposition  also  contributes  to  the  accuracy  of  Pd  coverage 
estimation  from  HadS  peaks.  Therefore,  the  mean  values  for  Pd 
coverage  taken  from  AFM  images:  25%,  35%  and  50%,  for  1,  3  and 
30  min  Pd  deposition,  respectively,  will  be  used  further  in  this 
work. 

Enlarged  double  layer  in  the  potential  region  from  -0.5  V 
to  -0.2  V,  which  is  for  bare  Pt(poly)  ascribed  to  the  reversible 
adsorption  of  OFT  anions  and  PtO  formation/reduction 
[31,32,34,35]  is  also  modified  by  the  presence  of  Pd  nanoislands.  For 
Pd  coverage  of  25%  and  35%,  both  OFT  adsorption  and  PtO  forma¬ 
tion  begin  at  more  negative  potentials  compared  to  bare  Pt(poly), 
while  in  the  reverse  scan,  the  oxide  reduction  peaks  almost  coin¬ 
cide  with  the  one  for  Pt(poly)  at  -0.23  V,  indicating  a  strong  in¬ 
fluence  of  Pt  substrate  for  lower  Pd  coverage,  and  a  simultaneous 
reduction  of  both  Pt  and  Pd  oxides.  On  the  other  hand,  for  Pd 
coverage  of  50%,  particularly  sharp  and  large  oxide  reduction  peak 
appears  slightly  shifted  to  the  more  negative  potential,  and 
resembling  the  peak  for  palladium  oxide  reduction  at  -0.29  V  (see 
CV  curve  of  bare  Pd  given  in  Fig.  4).  According  to  literature  [36—38], 
this  peak  corresponds  to  the  reduction  of  Pd2+.  For  35%  and  50%  Pd/ 
Pt(poly)  surfaces,  this  peak  is  preceded  with  a  broad  shoulder  in  the 
potential  region  from  0.48  to  0.01  V,  which  is  attributed  to  the 
reduction  of  high  valence  Pd  oxides  (Pd4+)  [36—38],  Moreover,  the 
formation  of  high  valence  non-reducible  palladium  oxides  can  also 
be  assumed.  (In  order  to  avoid  the  formation  of  high  valence 
palladium  oxides,  the  upper  potential  limit  for  bare  Pd(poly)  shown 
in  Fig.  4,  was  set  at  lower  value  of  0.5  V). 


3.2.  Activity  of  Pd/ Pt( poly)  surfaces  for  the  oxidation  of  possible 
reaction  intermediates 

Methanol  oxidation  reaction  proceeds  either  through  carbonate 
or  through  formate  pathways  involving  adsorbed  CO  and  formal¬ 
dehyde,  respectively,  as  the  main  intermediates  (see  Introduction). 
Therefore,  it  was  challenging  to  investigate  the  activity  of  obtained 
Pd/Pt(poly)  electrodes  towards  these  possible  intermediates  in  or¬ 
der  to  get  a  better  insight  into  their  activity  and  possible  reaction 
pathways  during  methanol  oxidation  in  the  same  alkaline  media. 


3.2.1.  CO  stripping  voltammetry  on  PdfPt(poly)  surfaces  in  0.1  M 
KOH 

CO  stripping  voltammetry  results  for  different  Pd/Pt(poly) 
nanostructures,  as  well  as  for  bare  Pt(poly)  and  Pd(poly)  are  pre¬ 
sented  in  Fig.  5,  together  with  CVs  recorded  in  the  same,  but  CO  free 
0.1  M  KOH  solution  presented  by  dotted  lines.  Pt(poly)  exhibits  the 
highest  activity  for  CO  electrooxidation  in  alkaline  media  since  the 
onset  potential  of  -0.75  V  is  the  most  negative  and  falls  in 
hydrogen  desorption  potential  region,  as  can  be  seen  in  Fig.  5a.  This 
high  activity  of  polycrystalline  platinum  electrode  for  CO  oxidation 
has  already  been  reported  by  numerous  authors  [39—41  ].  The  main 
peak  for  CO  oxidation  is  centered  at  -0.26  V,  while  two  prepeaks 
are  centered  at  -0.54  V  and  -0.33  V.  These  different  peaks  can  be 
explained  by  different  CO  adsorption  energies  on  various  Pt  sites. 
Namely,  after  a  certain  amount  of  CO  molecules  adsorbed  at  the 
platinum  surface  were  oxidized  in  the  prepeak  potential  region,  all 
lateral  repulsions  among  remaining  CO  molecules  became  reduced 
and  as  a  consequence,  the  bond  between  CO  and  platinum  became 
stronger  [40,41  ]. 

Stripping  voltammetry  curves  for  CO  oxidation  on  Pd/Pt(poly) 
electrodes  with  different  palladium  coverage  are  shown  in  Fig.  5b,  c 
and  d.  The  presence  of  Pd  islands  with  the  coverage  of  25%  and  35%, 
Fig.  5b  and  c,  causes  the  shift  of  the  main  CO  stripping  to  the  more 
positive  potentials  for  10  mV  and  30  mV,  respectively,  with  respect 
to  the  peak  potential  for  CO  stripping  on  bare  Pt(poly).  CO  stripping 
prepeaks  are  slightly  suppressed  and  also  slightly  shifted  to  the 
more  positive  potentials.  For  Pd  coverage  of  50%,  Fig.  5d,  CO  strip¬ 
ping  prepeaks  dissapear  almost  completely,  while  the  main  CO 
stripping  peak  is  shifted  positively  for  80  mV  compared  to  bare  Pt. 
This  positive  peaks  shift  means  that  the  presence  of  palladium  on 
platinum  surface  contributes  to  the  enhancement  of  the  bond  be¬ 
tween  CO  and  platinum.  The  increase  in  the  binding  energy  may  be 
caused  by  the  modification  of  the  electronic  properties  of  platinum 
substrate  by  the  deposited  palladium  islands  [42],  This  is  in 
accordance  with  CO  electrooxidation  on  bare  Pd(poly)  electrode, 
which  occurs  at  only  45  mV  more  positive  potential,  Fig.  5e,  than 
the  same  one  on  50%  Pd/Pt(poly).  FTIR  spectroscopic  study  revealed 
that  CO  species  are  bridge  bonded  to  Pd  sites  (Pd2C=0)  and  that  a 
complete  removal  of  CO  species  may  not  be  possible  at  low  po¬ 
tentials,  as  they  are  strongly  bonded  to  the  electrode  surface  [43], 
This  means  that  much  more  positive  value  of  the  peak  potential  for 
CO  stripping  on  palladium  than  on  platinum  is  due  to  the  fact  that 
CO  is  adsorbed  more  strongly  on  palladium  than  on  platinum 
[42,44], 

Electrochemically  active  surface  area  can  be  estimated  from  CO 
stripping  charges  taking  into  account  the  charge  of 420  gC  cm-2,  for 
a  full  CO  monolayer  adsorbed  on  Pt  [24],  (similar  charge  of 
424  pC  cm~2  is  reported  for  a  full  CO  monolayer  on  Pd  [37]).  For 
Pt(poly)  and  Pd(poly),  the  electrochemically  active  surface  areas  are 
equal  to  the  geometric  surface  area  of  0.198  cm2,  while  for  25%,  35% 
and  50%  Pd/Pt(poly)  calculated  values  are:  0.220  cm2,  0.242  cm2 
and  0.251  cm2,  respectively. 
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3.2.2.  Formaldehyde  oxidation  on  PdfPt(poly)  in  0.3  M  KOH 

CVs  for  formaldehyde  oxidation  on  Pt(poly),  25%,  35%,  50%  Pd/ 
Pt(poly)  and  bare  Pd(poly)  recorded  in  (0.4  M  HCHO  +  0.1  M  KOH) 
are  presented  in  Fig.  6.  Pd(poly)  exhibits  the  lowest  activity  for 
HCHO  oxidation.  Reaction  begins  at  -0.4  V,  and  the  maximum 
current  density  of  10  mA  cm"2  is  achieved  at  -0.16  V.  The  activity  of 
Pt(poly)  is  higher  with  the  initial  potential  of  -0.5  V  and  the 
maximum  current  density  of  13.4  mA  cm"2,  which  is  achieved  at 
lower  potential  of  -0.18  V.  The  activity  of  both  25%  and  35%  Pd/ 
Pt(poly)  is  higher  than  that  of  both  consisting  metals,  as  revealed 
from  30  mV  shift  of  the  initial  potential  to  the  more  negative  values 
with  respect  to  the  most  active  Pt,  although  with  increasing  po¬ 
tential,  formaldehyde  oxidation  becomes  hindered  on  25%  Pd/ 
Pt(poly)  surface.  On  the  other  hand,  for  50%  Pd/Pt(poly),  HCHO 
oxidation  begins  at  slightly  more  positive  potential  compared  to 
bare  Pt,  but  at  more  negative  compared  to  bare  Pd.  In  all  cases, 
maximum  current  densities  are  lower  than  the  one  for  bare  Pt,  but 
higher  than  the  one  for  bare  Pd.  The  enhanced  activity  of  25%  and 
35%  Pd/Pt(poly)  for  HCHO  oxidation,  exceeding  the  activity  of  both 
consisting  metals  with  respect  to  the  initial  potential,  indicates  the 
synergistic  effect.  The  origin  of  this  synergy  is  most  likely  in  the 
oxidation  state  of  the  deposited  Pd  islands.  According  to  CVs  from 
Fig.  4,  in  the  potential  region  of  HCHO  oxidation  PdOH  is  present  on 
the  surface.  Besides,  the  electronic  modification  of  the  deposited  Pd 
islands  by  Pt  substrate  leads  to  the  lowering  of  a  binding  energy  of 
adsorbed  reaction  species  and  consequently  to  the  lowering  of  the 
overpotential  for  HCHO  oxidation. 


3.3.  Methanol  oxidation  on  PdfPt(poly)  surfaces  in  0.3  M  KOFI 

CVs  for  the  electrochemical  oxidation  of  methanol  on  three 
different  Pd/Pt(poly)  nanostructures  and  on  bare  Pt(poly)  and 
Pd(poly)  in  0.4  M  CH3OH  +  0.1  M  KOH  are  presented  in  Fig.  7.  In  the 
forward  sweep,  methanol  oxidation  on  bare  Pt(poly)  surface  begins 
at  the  potential  of  -0.45  V,  which  according  to  the  CV  from  Fig.  4, 
corresponds  to  the  beginning  of  PtOH  formation,  and  proceeds  with 
an  increasing  current  reaching  a  maximum  value  of  9  mA  cm"2 
at  -0.13  V,  after  which  the  oxidation  current  decreased  and 
reached  a  zero  value  at  a  potential  of  0.2  V,  corresponding  to  the 
formation  of  a  full  PtOH  monolayer.  In  the  reverse  sweep,  CH3OH 
oxidation  proceeds  over  a  significantly  narrower  potential  region 
with  a  current  maximum  much  lower  than  in  the  anodic  direction 
indicating  that  the  intermediate  species  formed  in  the  forward 
sweep,  remained  adsorbed  at  or  stayed  in  the  vicinity  of  the  elec¬ 
trode  surface.  The  activity  of  bare  Pd(poly)  for  methanol  oxidation 
is  much  lower  than  that  of  bare  Pt,  and  in  the  forward  sweep  occurs 
in  the  potential  region  from  -0.32  V  corresponding  to  the  begin¬ 
ning  of  PdOH  formation  (see  CV  from  Fig.  4)  up  to  formation  of  a  full 
PdOH  monolayer  at  0.07  V.  Maximum  current  density  of 
6.3  mA  cm"2  is  achieved  at  -0.13  V.  In  the  reverse  sweep  methanol 
oxidation  occurs  in  a  narrow  potential  region  from  -0.25  V 
to  -0.35  V  showing  very  small  current  density. 

Methanol  oxidation  curves  on  three  different  Pd/Pt(poly) 
nanostructures  have  shown  that  the  activity  of  the  platinum  sur¬ 
face  with  35%  Pd  coverage  is  more  pronounced  than  the  one  with 
25%  Pd  coverage,  and  highly  exceeds  the  one  with  50%  Pd  coverage. 
Methanol  oxidation  on  25%  and  35%  Pd/Pt(poly)  occur  in  the  po¬ 
tential  region  from  -0.5  up  to  0.22  V.  For  the  most  active  35%  Pd/ 


Fig.  5.  CO  stripping  voltammetry  of:  a)  Pt(poly);  b)  25%  Pd/Pt(poly);  c)  35%  Pd/ 
Pt(poly);  d)  50%  Pd/Pt(poly),  and  e)  Pd(poly)  in  0.1  M  KOH.  Stripping  curves  were 
recorded  at  a  scan  rate  of  50  mV  s  '.  Corresponding  CVs  recorded  after  CO  stripping, 
presented  by  dotted  lines,  are  in  a  good  agreement  with  CVs  obtained  before  (see 

Fig.  4). 
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Fig.  6.  Formaldehyde  oxidation  on  Pt(poly),  Pd(poly),  and  on  25%,  35%  and  50%  Pd/ 
Pt(poly)  in  (0.4  M  HCHO  +  0.1  M  KOH).  First  sweeps  in  the  anodic  and  cathodic  di¬ 
rections  were  recorded  at  a  scan  rate  of  50  mV  s  Current  densities  are  referred  to  the 
electrochemically  active  surface  areas. 

Pt(poly)  surface,  the  maximum  current  density  of  20.4  mA  cm~2  is 
achieved  at  -0.04  V,  exceeding  thus  significantly  the  activity  of 
platinum,  the  most  active  pure  metal.  On  the  other  hand,  the  ac¬ 
tivity  of  50%  Pd/Pt(poly)  for  methanol  oxidation  is  much  lower,  and 
the  reaction  begins  at  potential  more  positive  than  on  Pt  and  pro¬ 
ceeds  with  current  densities  comparable  to  those  for  bare  Pt.  Ratio 
between  the  backward,  lb,  and  forward,  If,  peak  current  densities 
during  the  electrooxidation  of  methanol  indicates  the  susceptibility 
of  the  electrode  surface  for  the  poisoning  with  the  adsorbed  reac¬ 
tion  intermediates  [17],  For  the  bare  Pt  substrate,  Ib/lf  ratio  was 
0.22,  while  the  same  Ib/lf  value  was  calculated  for  Pd(poly)  elec¬ 
trode,  indicating  a  similar  vulnerability  of  these  two  basic  surfaces 
for  poisoning  with  adsorbed  intermediates.  For  35%  Pd/Pt(poly)  this 
ratio  was  0.20,  indicating  less  poisoning,  while  for  25%  and  50%  Pd/ 
Pt(poly)  it  increased  to  0.22  and  to  0.27,  respectively,  thus  making 
them  more  susceptible  to  deactivation  due  to  the  adsorption  of 
poisoning  intermediates.  From  the  comparison  of  the  activities  of 


Fig.  7.  Methanol  oxidation  on  Pt(poly),  Pd(poly),  and  on  25%,  35%  and  50%  Pd/Pt(poly) 
in  (0.4  M  CH3OH  +  0.1  M  KOH).  First  sweeps  in  the  anodic  and  cathodic  directions  were 
recorded  at  a  scan  rate  of  50  mV  s  Current  densities  are  referred  to  the  electro¬ 
chemically  active  surface  areas. 


Pd  modified  Pt(poly)  electrode  with  the  activities  of  bare  Pt  and  Pd 
for  methanol  oxidation  one  can  see  that  at  lower  potentials,  the 
oxidation  of  methanol  takes  place  mainly  at  the  platinum  sites  of 
the  modified  electrode  and  most  likely  on  the  edges  of  Pd  islands. 
This  means  that  35%  palladium  coverage  is  low  enough  to  enable  a 
high  percentage  of  platinum  utilization  as  well  as  that  it  provides 
enough  Pd/Pt  edges,  which  are  active  for  the  adsorption  and 
oxidation  of  reaction  intermediates,  hence  the  noticed  highest 
electrocatalytic  activity.  On  the  other  hand,  25%  Pd  coverage  in¬ 
dicates  the  lack  of  enough  Pd/Pt  edges,  while  50%  Pd  coverage  in¬ 
dicates  that  larger  and  higher  palladium  islands  block  some  active 
sites  of  platinum  either  for  methanol  adsorption  or  for  the 
adsorption  and  oxidation  of  reaction  intermediates  on  Pd/Pt  edges. 
Thus,  a  certain  optimum  coverage  of  palladium  on  platinum  surface 
is  necessary  to  produce  the  best  electrocatalytic  effect  for  methanol 
oxidation  reaction. 

The  superior  activity  of  35%  Pd/Pt(poly)  for  methanol  oxidation 
with  respect  to  both  the  negative  shift  of  the  onset  potential  and 
much  higher  peak  current  densities  compared  to  both  consisting 
metals  indicates  a  strong  synergistic  effect.  Similar  effects  are  also 
observed  for  bimetallic  surfaces  with  Pd  as  deposit  for  other  re¬ 
actions  like  formic  acid  oxidation  on  Pd/Pt  [42],  or  ethanol  oxida¬ 
tion  on  Pd/Au  [45],  Several  different  explanations  may  be 
considered  to  interpret  such  effects  taking  into  account  possible 
different  reaction  pathways.  A  possible  explanation  might  be  that 
the  reaction  occurs  through  a  bi-functional  mechanism  [46].  By  this 
model,  platinum  and  palladium  atoms  on  the  bimetallic  Pd/Pt 
electrode  surface  play  a  specific  role  in  the  overall  oxidation  process 
(reaction  1),  which  proceeds  through  several  elementary  steps 
involving  CO  as  an  adsorbed  poisoning  intermediate  [6,7,16]: 

CH3OH  +  40H~  — >COads  +  4H2O  +  4e~  (5) 

OH~  — >OHads  +  e~  (6) 

COads  +  20Hads  +  20H  —COf  +  2H20  (7) 

This  means  that  platinum  atoms  adsorb  methanol  dissociatively 
through  reaction  5,  while  palladium  atoms,  being  more  oxophilic 
metal  than  platinum  [33],  adsorb  OH  radicals  through  reaction  6,  at 
more  negative  potentials.  This  leads  to  an  increase  of  the  oxidation 
rate  by  increasing  the  rate  of  chemical  surface  reaction  between 
methanol  residue  and  OH~  radicals  through  an  increase  of  OH~ 
concentration. 

In  order  to  get  a  better  insight  into  possible  reaction  pathways 
responsible  for  such  a  superior  activity  of  35%  Pd/Pt(poly)  for 
methanol  oxidation  in  comparison  with  bare  Pd  and  Pt,  the  elec¬ 
trocatalytic  activities  of  the  same  electrodes  for  CO  and  formalde¬ 
hyde  oxidation,  as  the  most  possible  methanol  oxidation  reaction 
intermediates,  are  presented  over  the  same  potential  range  in  Fig.  8. 
Methanol  oxidation  on  35%  Pd/Pt(poly),  Fig.  8a,  occurs  in  a  wider 
potential  region  compared  to  CO  stripping  (Fig.  Sb),  and  peaks 
maxima  for  these  two  reactions  do  not  coincide.  Up  to  the  potential 
of  approx.  -0.2  V,  palladium  is  not  active  for  CO  oxidation,  which 
leads  to  the  assumption  that  at  lower  potentials  methanol 
adsorption  and  its  subsequent  oxidation  through  carbonate 
pathway  may  take  place  only  on  platinum  sites.  It  is  worth  noting 
that  methanol  oxidation  and  CO  stripping  on  Pd(poly)  occur  at 
higher  potentials,  and  over  the  same  potential  region.  These  con¬ 
siderations  are  in  accordance  with  the  assumption  that  at  lower 
potential  methanol  oxidation  on  35%  Pd/Pt  occurs  through 
bifunctional  or  carbonate  reaction  pathway.  Besides,  the  improved 
electrochemical  response  obtained  for  35%  Pd/Pt(poly)  can  be 
ascribed  to  the  modification  of  the  electronic  properties  by  the 
interaction  between  the  deposited  Pd  and  the  underlying  Pt 
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E  (V)  vs.  Ag/AgCl 


Fig.  8.  Comparison  of  the  electrocatalytic  activity  of  35%  Pd/Pt(poly)  with  the  activity 
of  bare  Pt  and  Pd  for  the  oxidation  of  methanol,  CO  and  formaldehyde.  The  anodic 
sweeps  were  taken  from  Figs.  5-7.  Current  densities  are  referred  to  the  electro- 
chemically  active  surface  areas. 

substrate.  According  to  the  literature  [47^9  ,  due  to  the  electronic 
effect  in  which  the  d-band  center  of  Pd  is  raised  additionally  by  the 
presence  of  Pt,  the  adsorption  of  OPT  is  promoted  which  facilitated 
the  oxidation  of  adsorbed  CO  species.  On  the  other  hand,  due  to  the 


presence  of  Pd,  the  position  of  the  Pt  d-band  center  can  be  changed 
which  can  cause  the  lowering  of  CO  adsorption  energy  on  Pt  and 
thereby  gives  more  free  Pt  active  sites  on  the  electrode  surface. 

In  contrast  to  the  activity  of  Pd  modified  Pt  for  CO  oxidation, 
which  falls  in  between  the  activities  of  consisting  metals  (see 
Fig.  5),  their  activity  towards  formaldehyde  oxidation  (see  Fig.  6) 
shows  a  synergistic  effect.  Comparing  methanol  oxidation,  Fig.  8a, 
and  HCHO  oxidation  on  35%  Pd/Pt  and  on  bare  Pt  and  Pd  surfaces, 
Fig.  8c,  it  can  be  seen  that  these  reactions  occur  over  the  same 
potential  region.  Namely,  palladium  atoms  on  platinum  surface 
probably  favor  the  methanol-reactive  intermediate-formate  path, 
which  takes  place  at  lower  potentials  [10]  and  inhibits  the 
adsorption  of  CO  intermediate  [20,42],  Based  on  the  previously 
exposed  explanations,  we  can  conclude  that  methanol  oxidation  on 
35%  Pd/Pt(poly)  electrode  occurs  through  parallel  carbonate  and 
formate  pathways.  Consequently,  a  remarkably  high  activity  to¬ 
wards  methanol  oxidation  was  determined  by  the  adsorption  of  OH 
species  on  Pd  and  Pd/Pt  sites  at  lower  potentials  compared  to  their 
adsorption  on  Pt,  which  facilitates  carbonate  methanol  oxidation 
pathway  and  by  the  ability  of  palladium  islands  to  control  the 
poisoning  effects  through  the  oxidation  of  formaldehyde  as  a  re¬ 
action  intermediate,  which  facilitates  formate  methanol  oxidation 
pathway. 

Additionaly,  taking  into  account  that  at  each  surface  investi¬ 
gated,  CO  is  fully  oxidized  and  that  there  is  no  CO  adsorption  at 
higher  potentials,  carbonate  pathway  for  methanol  oxidation  is 
excluded,  and  the  “direct  pathway”  of  methanol  electro-oxidation 
can  be  assumed  [20,42],  A  similar  effect,  in  the  case  of  formic 
acid  electrooxidation  on  Pd/Pt  nanoparticle  catalyst  in  acidic  me¬ 
dium,  was  obtained  [42  .  According  to  the  activity  of  investigated 
surfaces  for  formaldehyde  oxidation,  it  can  also  be  assumed  that,  at 
higher  potentials  methanol  oxidation  occurs,  at  least  partly  through 
formate  pathway. 

Chronoamperometry  curves,  demonstrating  the  long-term  ac¬ 
tivity  of  the  most  active  35%  Pd/Pt(poly)  electrode  in  comparison 
with  the  activity  of  bare  Pt  and  Pd  these  electrodes  are  presented  in 
Fig.  9.  The  curves  were  obtained  by  measuring  the  current  density 
under  a  constant  potential  of  -0.25  V  for  30  min.  A  pronounced 
current  decay  in  the  first  2—3  min  was  found  for  all  electrodes, 
which  could  derive  from  the  accumulation  of  poisonous  in¬ 
termediates  such  as  carbonaceous  or  CO  species  formed  during 
methanol  oxidation  reaction  [9[.  With  the  test  time  elapsing, 


Fig.  9.  Chronoamperometry  measurements  of  the  electrocatalytic  activity  of  35%  Pd/ 
Pt(poly),  bare  Pt  and  Pd  for  the  oxidation  of  methanol  in  0.1  M  KOH.  Curves  are  ob¬ 
tained  by  measuring  current  density  under  a  constant  potential  of  -0.25  V  for  30  min. 
Current  densities  are  referred  to  the  electrochemically  active  surface  areas. 
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current  decay  became  much  slower  and  finally  reached  the  steady- 
state.  The  order  of  the  activity  in  chronoamperometry  tests  was  in 
good  agreement  with  the  order  of  activity  in  cyclic  voltammetry 
measurements,  confirming  that  35%  Pd/Pt(poly)  electrode  showed 
the  highest  activity  for  methanol  oxidation  reaction  with  the  cur¬ 
rent  density  several  times  higher  than  that  for  bare  Pt  electrode. 

The  enhancement  of  the  activity  of  35%  Pd/Pt(poly)  surface  with 
respect  to  the  activity  of  bare  Pt  and  bare  Pd  for  methanol  oxidation 
was  compared  with  the  enhancement  of  the  activity  of  the  other 
similar  Pd/Pt  systems  including  various  carbon  supported  PdPt 
nanoparticles  with  respect  to  either  bare  Pt  or  Pt/C  and  Pd/C 
[50-54], 

As  shown  above  (Section  3.1.2.),  generally  much  higher  loading 
of  Pd  is  needed  for  Pd/C  systems,  where  the  carbon  substrate  is  not 
active  for  methanol  oxidation,  than  in  this  case,  where  Pt(poly)  as 
substrate  is  very  active  for  methanol  oxidation.  Besides,  at  such  low 
Pd  loading  as  in  this  case  of  Pd/Pt  catalyst,  Pd/C  catalyst  would 
show  no  significant  activity.  Therefore,  direct  comparison  of  the 
activity  with  respect  to  Pd  loadings,  i.e.  the  comparison  of  the  mass 
normalized  currents  is  almost  impossible.  Instead,  we  made  a 
comparison  of  the  activity  of  our  Pd/Pt(poly)  electrodes  with  PdPt/C 
systems  taking  into  account  the  relative  content  of  both  metals 
presented  as  a  percentage  of  Pd  and  Pt  in  nanoparticles  refs. 
[50-52], 

In  the  case  of  PdPt/C  electrodes,  prepared  by  the  electro¬ 
chemical  codeposition  of  Pt  and  Pd  with  the  atomic  ratio  1:2  50], 
the  relative  enhancement  of  the  methanol  oxidation  current  with 
respect  to  Pt/C  substrate  is  lower  than  the  enhancement  in  the 
case  of  35%  Pd/Pt(poly)  with  respect  to  bare  Pt.  Besides,  the  cur¬ 
rent  density  maximum  is  achieved  faster  and  at  lower  potential  for 
methanol  oxidation  on  35%  Pd/Pt(poly)  than  on  PdPt/C,  indicating 
faster  reaction  kinetics.  In  contrast  to  the  hereby  presented  results, 
where  the  Pt:Pd  ratio  for  the  most  active  Pd/Pt(poly)  surface  was 
approximately  3:1,  for  PdPt  nanoparticles  supported  on  graphene, 
the  one  with  Pt:Pd  ratio  of  1:3  exhibited  the  highest  activity  for 
methanol  oxidation  [51  .  Pt— Pd  nanoparticles  with  Pt;  Pd  ratio  of 
3:1,  supported  on  reduced  graphene  oxide,  have  shown  an 
excellent  catalytic  activity  for  methanol  oxidation  in  alkaline 
media  compared  to  commercial  10%  Pd/C  and  10%  Pt/C  [52],  Be¬ 
sides,  the  other  Pd— Pt  systems  obtained  by  electrochemical 
deposition  were  also  explored  for  the  studies  of  methanol  oxida¬ 
tion  in  alkaline  media.  [53,54],  Nanostructured  Pd  thin  films 
electrochemically  deposited  on  polycrystalline  Pt,  where  the  Pd 
content  was  in  the  range  of  0.4  pg— 0.8  pg,  slightly  higher  than  in 
our  case,  have  shown  an  enhanced  activity  towards  methanol 
oxidation  with  respect  to  bare  Pt  [53],  The  maximum  of  the 
methanol  oxidation  current  peak  is  about  3.5  times  higher  on  Pd/ 
Pt  than  on  Pt  electrode.  Similarly  enhanced  activity  for  methanol 
oxidation  in  alkaline  media  was  obtained  for  potentiostatically 
deposited  Pd  nanoparticles  [54  ,  which  was  ascribed  to  the  sig¬ 
nificant  increase  of  the  electrochemically  active  surface  area  with 
respect  to  bare  Pt  substrate.  In  all  mentioned  cases,  the  onset 
potential  for  methanol  oxidation  is  the  same  as  on  our  35%  Pd/ 
Pt(poly)  bimetallic  surface. 

As  shown  in  this  work,  roughly  the  Pd:Pt  ratio  of  1 :2  has  shown 
the  best  activity  for  methanol  oxidation  in  alkaline  media.  This 
might  be  of  crucial  importance  in  the  design  of  PtPd  nanoparticles, 
particularly  those  highly  dispersed  on  a  nonmetallic  substrate,  with 
low  Pt  and  Pd  loadings,  which  might  be  obtained  using  spontaneous 
deposition  method.  This  will  be  a  matter  of  our  future  studies. 

4.  Conclusions 

In  this  paper,  we  have  demonstrated  that  the  electrocatalytic 
activity  of  platinum  towards  methanol  oxidation  in  alkaline 


solution  could  be  significantly  enhanced  by  the  presence  of  spon¬ 
taneously  deposited  Pd  nanoislands.  Simultaneously  recorded 
height  and  phase  AFM  images  of  different  Pd/Pt(poly)  nano¬ 
structures  enabled  their  proper  characterization  with  respect  to  the 
lateral  size,  height  and  coverage  of  the  deposited  Pd  islands.  The 
additional  information  about  the  average  Pd  island  heights  was 
obtained  using  spectroscopic  ellipsometry,  while  the  oxidation 
state  of  the  deposited  Pd  was  revealed  from  XPS  analysis. 

Pt(poly)  surface  with  35%  Pd  coverage  exhibited  a  superior 
catalysis  for  methanol  oxidation  reaction  with  respect  to  both 
consisting  metals  revealing  a  strong  synergistic  effect.  The  oxida¬ 
tion  of  CO  and  formaldehyde,  as  possible  intermediates  during 
methanol  oxidation  were  also  investigated  in  the  same  alkaline 
media  in  order  to  get  a  better  insight  into  the  origin  of  the  syner¬ 
gistic  effect.  CO  stripping  peaks  obtained  for  25%,  35%  and  50%  Pd/ 
Pt(poly)  nanostructures  shift  positively  with  increasing  Pd  nano¬ 
islands  coverage  and  fall  in  between  potentials  for  CO  oxidation  on 
bare  Pt(poly)  and  on  bare  Pd(poly).  The  electronic  effect  caused  by 
the  electronic  interaction  of  Pd  nanoislands  and  the  underlying  Pt 
substrate  may  lead  to  the  lowering  of  binding  energies  of  adsorbed 
reaction  intermediates,  such  as  COa(js  or  OHads  species,  facilitating 
thus  the  carbonate  methanol  oxidation  reaction  pathway.  On  the 
other  hand,  the  same  35%  Pd/Pt(poly)  surface  is  the  most  active  for 
formaldehyde  oxidation  and  exhibited  similar  synergistic  effect  as 
in  the  case  of  methanol  oxidation  indicating  that  the  later  one 
proceeds  at  least  partly  through  formate  pathway. 
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